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Summary
Background: Neuropeptides regulate many biological pro-
cesses. Elucidation of neuropeptide function requires identi-
fying the cells that respond to neuropeptide signals and
determining the molecular, cellular, physiological, and behav-
ioral consequences of activation of their cognate G protein-
coupled receptors (GPCRs) in those cells. As a novel tool for
addressing such issues, we have developed genetically
encoded neuropeptides covalently tethered to a glycosylphos-
phatidylinositol (GPI) glycolipid anchor on the plasma
membrane (‘‘t-peptides’’).
Results: t-peptides cell-autonomously induce activation of
their cognate GPCRs in cells that express both the t-peptide
and its receptor. In the neural circuit controlling circadian
rest-activity rhythms in Drosophila melanogaster, rhythmic
secretion of the neuropeptide pigment-dispersing factor
(PDF) and activation of its GPCR (PDFR) are important for
intercellular communication of phase information and coordi-
nation of clock neuron oscillation. Broad expression of t-PDF
in the circadian control circuit overcomes arrhythmicity
induced by pdf01 null mutation, most likely as a result of activa-
tion of PDFR in PDFR-expressing clock neurons that do not
themselves secrete PDF. More restricted expression of t-PDF
suggests that activation of PDFR accelerates cellular time-
keeping in some clock neurons while decelerating others.
Conclusions: The activation of PDFR in pdf01 null mutant
flies—which lack PDF-mediated intercellular transfer of phase
information—induces strong rhythmicity in constant darkness,
thus establishing a distinct role for PDF signaling in the
circadian control circuit independent of the intercellular
communication of temporal phase information. The t-peptide
technology should provide a useful tool for cellular dissection
of bioactive peptide signaling in a variety of organisms and
physiological contexts.
Introduction
In both flies and mammals, autonomous cellular clocks that
underlie circadian cycles of rest and activity have been local-
ized to particular clock neurons that are organized into circuits
in the central nervous system [1, 2]. Clock neurons coordinate
their phases with one another and communicate phase infor-
mation to downstream neural targets via activity-dependent
synaptic release of neurotransmitters and neuropeptides (for
*Correspondence: michael.nitabach@yale.edureview, see [3, 4]). Intercellular communication via neuropep-
tides is essential in mediating circadian inputs, circadian
outputs, and circadian synchronization, but the specific phar-
macological and cellular mechanisms for such communication
remain poorly understood.
The Drosophila circadian control circuit drives rhythmic
locomotor activity and comprises six anatomically distinguish-
able bilateral groups: the small ventral, large ventral, and
dorsal subgroups of the lateral group of neurons (sLNV, lLNV,
and LND) and three subgroups of the dorsomedial group of
neurons (DN1, DN2, and DN3) (for review, see [3]). These
anatomical groupings have functional correlates. The sLNVs
are considered to be ‘‘morning’’ (M) cells that drive the antici-
patory increase in locomotor activity that occurs before lights-
on in 12 hr:12 hr light:dark conditions (LD) and are also
required for free-running rhythmicity in constant darkness
(DD) [5–7]. In contrast, dorsal clock neurons—LNDs and
DNs—include those that are considered ‘‘evening’’ (E) cells
that drive the anticipatory increase in locomotor activity that
occurs before lights-off in LD and are capable in certain
circumstances of generating free-running rhythms in constant
light (LL) [5, 7–10]. Furthermore, M cells and E cells transfer
phase information to one another, and they alternate setting
the phase of locomotor activity depending on photoperiod,
with M cells setting the phase of morning and evening
peaks in short-day 10 hr:14 hr LD conditions and E cells
setting the phase of both peaks in long-day 14 hr:10 hr LD
conditions [10, 11].
The sLNV M and lLNV neurons produce the neuropeptide
pigment-dispersing factor (PDF), which is thought to signal
circadian phase to downstream neural elements, including
non-PDF-expressing dorsal E clock neurons and, possibly,
the direct locomotor control circuitry [6, 11–16]. pdf01 null
mutation induces substantial arrhythmicity in DD and elimi-
nates morning anticipation in LD [6]. The PDF receptor
(PDFR) is a seven-transmembrane-domain protein-coupled
receptor (GPCR) that signals through adenylate cyclase/
cAMP, is expressed in various clock and nonclock neurons,
and also is required for robust free-running behavioral rhyth-
micity in DD [17–19]. Recent studies using an in vivo fluores-
cent reporter of cytoplasmic cAMP have demonstrated that
sLNVs, LNDs, and some DNs respond to bath-applied PDF
and thus presumably possess PDFRs [20]. The specific func-
tional role (or roles) of PDFR activation in particular subsets
of PDFR-expressing clock neurons remains unknown. In addi-
tion, the questions remain open of how PDF communicates
phase information to E cells and whether M cells might use
PDF signals to gate the ability of E cells themselves to drive
locomotor rhythms.
To address these questions, we have developed genetically
encoded neuropeptides covalently tethered to a glycosylphos-
phatidylinositol (GPI) glycolipid anchor on the extracellular
leaflet of the plasma membrane. These GPI-tethered neuropep-
tides (‘‘t-peptides’’) induce activation of their cognate GPCRs
with appropriate pharmacological specificity. t-peptides acti-
vate their GPCRs cell-autonomously, i.e., without activating
their receptors on neighboring t-peptide-nonexpressing cells.
This establishes the t-peptide system as a novel tool for the
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broad expression of t-PDF in the Drosophila circadian control
circuit overcomes arrhythmicity in DD induced by pdf01 null
mutation, most likely as a result of activation of PDFR in dorsal
E cells. More restricted cellular expression of t-PDF suggests
that activation of PDFR accelerates cellular timekeeping in
some clock neurons while decelerating others. These studies
support the hypothesis that PDF signals from sLNV M cells
gate the ability of dorsal E cells to drive locomotor rhythms,
thus revealing a distinct role for PDF signaling in the circadian
control circuit independent of the intercellular communication
of temporal phase information.
Results
GPI-Tethered Peptides Are Pharmacologically
Specific, Cell-Autonomous Activators of Their
Cognate GPCRs In Vitro
In order to probe the roles of neuropeptide GPCR activation in
specific cellular contexts in intact organisms, we developed
the t-peptide system. Each t-peptide comprises (from N to
C terminus) a secretory signal sequence for targeting to the
secretory pathway, a mature cleaved peptide sequence, a
hydrophilic linker sequence with an embedded c-Myc epitope
tag, and a GPI targeting sequence (Figure 1A) (based on the
t-toxin system of [21]). t-PDF isoforms generated included
t-PDF-ML and t-PDF-LL (possessing 14 and 40 amino acid
linkers, respectively), t-PDF-SEC (lacking the GPI targeting
sequence and thus untethered), and t-PDF-SCR (with the
amino acid sequence of the PDF peptide moiety scrambled)
(Figure 1B).
We coexpressed various t-peptides together with corre-
sponding GPCRs in mammalian HEK293 tissue culture cells.
Activation of GPCRs that signal through adenylate cyclase-
mediated cAMP production was detected through cotransfec-
tion of a cAMP-sensitive CRE-luciferase reporter plasmid
along with GPCR and t-peptide cDNAs. As shown in Figure 2A,
coexpression of PDFR with increasing quantities of either
t-PDF-ML or t-PDF-LL resulted in substantial dose-dependent
steady-state cAMP increases 48 hr after transfection. The total
activity increase induced by acute application of 1 mM satu-
rating soluble PDF (see [17]) to cells already coexpressing
t-PDF and PDFR for 48 hr was not related to the preexisting
degree of activation of PDFR by coexpressed t-PDF (see
Figure S1 available online). Furthermore, when cells expressing
only PDFR were mixed with cells expressing only t-PDF-ML,
there was no receptor activation (Figure S2). These results indi-
cate that t-peptides are cell-autonomous activators of their
cognate receptors and do not lead to substantial sustained
desensitization.
Although cotransfection with a given quantity of t-PDF-ML
cDNA was more effective at activating PDFR than the same
quantity of t-PDF-LL cDNA, detectable surface expression of
t-PDF-ML was less than t-PDF-LL for the same quantity of
cDNA (Figures 2A and 2B). This indicates a greater molar
activity of t-PDF-ML than t-PDF-LL. The absence of activity
of t-PDF-SEC (Figure 2A)—which was not detectable on the
surface of theplasmamembrane (Figure2B)—indicates amolar
activity of t-PDF with a C-terminal linker liberated into the tissue
culture medium that is too low to activate PDFR at all. This is not
surprising, as native secreted PDF is C-terminally amidated
and the nonamidated form is approximately 300-fold less
active in a bioassay of synthetic soluble peptides [22]. Thus,
substantial activity of the GPI-tethered t-PDF isoformssuggests that membrane tethering permits t-PDF to activate
PDFR cell-autonomously by creating an effective concentra-
tion of nonamidated PDF moiety at its receptor.
The absence of activity of t-PDF-SCR (Figure 2A) when
expressed on the cell surface at levels identical to those of
t-PDF-ML (Figure 2B) importantly indicates the dependence
of activation of its cognate receptor on the particular amino
acid sequence of the peptide moiety in the chimeric t-peptide.
We also coexpressed t-peptides with closely related but non-
cognate receptors. When coexpressed with PDFR, DH31R, or
DH44R (receptors for the fly peptides DH31 and DH44, respec-
tively) [23, 24], t-PDF-ML activated only PDFR (Figure 2C).
Conversely, t-DH31-ML activated only DH31R, and not PDFR
or DH44R (Figure 2D). These results indicate that t-peptide
ligands exhibit appropriate pharmacological specificity for
their receptors.
GPI-Tethered PDF Is a Pharmacologically Specific,
Cell-Autonomous Activator of PDFR In Vivo
We generated transgenic flies expressing various t-PDF iso-
forms or other t-peptides in all circadian clock neurons with
A
B
Figure 1. Structure of Glycosylphosphatidylinositol-Tethered PDF Isoforms
(A) The medium-linker isoform of glycosylphosphatidylinositol (GPI)-teth-
ered PDF (t-PDF-ML) contains a trypsin signal sequence (blue), a mature
cleaved PDF peptide sequence (green), a hydrophilic linker comprising
the c-Myc epitope tag flanked by single glycine-asparagine (GN) repeats
(yellow), and the GPI targeting signal from lynx1 protoxin (orange). After pro-
cessing in the secretory pathway, the secretory signal and GPI targeting
sequences are cleaved and the C terminus is covalently linked to GPI,
whose aliphatic lipid chains are intercalated in the extracellular leaflet of
the plasma membrane.
(B) Schematics depicting the PDF receptor (PDFR) and the isoforms of
t-PDF (not to scale), which are identical to t-PDF-ML except as follows:
the linker of t-PDF-LL contains a c-Myc epitope flanked by four N-terminal
GN repeats and eleven C-terminal GN repeats, t-PDF-SEC contains no GPI
targeting sequence, and the PDF sequence of t-PDF-SCR has been re-
placed by a scrambled sequence comprising the same amino acids as PDF.
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Varying quantities of cDNA encoding t-peptides were cotransfected into HEK293 mammalian tissue culture cells with constant quantities of G protein-
coupled receptor (GPCR) and cAMP-sensitive CRE-luciferase reporter cDNAs. Forty-eight hours after transfection, cells were either lysed for luciferase
bioluminescence assay or kept intact and unpermeabilized for cell-surface anti-Myc ELISA assay. Error bars represent standard deviation; each experiment
was repeated in triplicate.
(A) t-PDF-ML and t-PDF-LL each dose-dependently increase steady-state intracellular cAMP, indicating activation of PDFR, with t-PDF-ML inducing greater
increases than t-PDF-LL. t-PDF-SEC and t-PDF-SCR have no activity.
(B) t-PDF-LL is expressed on the cell surface at higher levels than t-PDF-ML and t-PDF-SCR, whereas t-PDF-SEC is undetectable.
(C) t-PDF-ML activates only PDFR, and not the related receptors for the peptides DH31 or DH44.
(D) t-DH31-ML, identical to t-PDF-ML except that the PDF peptide sequence has been replaced with that for DH31 (TVDFGLARGYSGTQEAKHRMGLAAAN
FAGGP), activates only DH31R, and not PDFR or DH44R.the UAS-GAL4 binary expression system [25]. UAS-t-peptide
transgenic flies were mated to tim(UAS)-GAL4 transgenic
flies to produce progeny expressing t-peptide in all circadian
clock neurons. t-PDF-ML expression by neurons in vivo was
confirmed via immunofluorescence detection of the Myc
epitope tag constituting part of the linker domain (Figure S2).
The free-running circadian locomotor rhythm in constant dark-
ness (DD) of each fly was categorized as rhythmic, arrhythmic,
or complex rhythmic (which occurred when an individual fly
exhibited multiple rhythms of free-running locomotor activity
simultaneously with different periods).
t-PDF-ML or t-PDF-LL each induce complex free-running
locomotor rhythms when expressed in all clock neurons, in
comparison to negative control flies expressing t-mO-MrVIA,
a GPI-tethered cone snail sodium channel toxin with no activity
inDrosophila [26]. The induction of complex free-running loco-
motor rhythms by t-PDF expression in all clock neurons is
consistent with activation of PDFR in circadian clock neurons,
because a variety of other experimental manipulations that
lead to high levels of PDF signaling in the clock circuit also
induce complex rhythms [14, 15]. Furthermore, the complex
rhythm phenotype induced by t-PDF expression is unlike
the phenotype induced by experimental manipulations that
decrease PDF signaling in the clock circuit, which is a combi-
nation of arrhythmicity and weak short-period rhythms [6, 17–
19, 26, 27].Unlike t-PDF-ML and t-PDF-LL, constitutive expression in all
clock neurons of either t-PDF-SCR or t-DH31-ML failed to
induce free-running locomotor phenotypes (Figure 3). t-PDF-
ML expression from any of three independent UAS-t-PDF-ML
transgenes induced a higher proportion of complex rhythmic
flies than expression of t-PDF-LL from any of three indepen-
dent UAS-t-PDF-LL transgenes, and t-PDF-SEC had no effect
(Figure 3). t-PDF-ML expression with a wide variety of other
neuronal and glial GAL4 driver lines induced no free-running
circadian phenotype (Table S1). This included the Mz1525 and
Mz1366 GAL4 driver lines, which do induce strong complex
rhythms when used to express the native amidated secreted
form of PDF in neurosecretory cells that project to the region
of dorsal clock neurons [15]. t-PDF-ML exhibits greater bioac-
tivity than t-PDF-LL, both in vitro and in vivo, and has no bioac-
tivity when expressed in a wide variety of expression patterns in
the central nervous system other than in circadian clock
neurons. This indicates that t-PDF activation of PDFR is cell
autonomous, with t-PDF activating PDFR only in cells in which
t-PDF is expressed, and not in neighboring cells.
t-PDF Expression in All Clock Neurons Induces Strong
Free-Running Rhythms in pdf 01 Null Mutant Flies
pdf01 null mutant flies exhibit severely disrupted circadian
rhythms, including a combination of arrhythmicity and weak
rhythmicity while free running in DD [6]. To address whether
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Male flies bearing UAS-t-peptide transgenes were mated to female flies bearing a tim(UAS)-GAL4 transgene to produce progeny expressing t-peptide in all
circadian clock neurons. Free-running locomotor rhythms of individual male progeny entrained in 12 hr:12 hr light:dark conditions (LD) and then released
into constant darkness (DD) were categorized as rhythmic, complex rhythmic, or arrhythmic, and free-running periods were assigned via Lomb-Scargle
periodogram analysis.
(A) t-PDF-ML is more active in vivo than t-PDF-LL, whereas t-PDF-SEC and t-PDF-SCR have no activity, thus recapitulating the relative in vitro activities
shown in Figure 2. t-DH31-ML, although active against DH31R in vitro, does not influence free-running locomotor rhythms when expressed in vivo in circa-
dian clock neurons. Bar graphs depict proportions of rhythmic (blue), complex rhythmic (yellow), and arrhythmic (red) flies of the indicated genotypes, with
the notations in parentheses referring to specific chromosomal insertions, or combinations of two chromosomal insertions, of the UAS-t-peptide trans-
genes. n indicates the number of individual flies assayed; t0 indicates the average single free-running period of rhythmic flies; t1 indicates the average
shorter free-running period of complex rhythmic flies; t2 indicates the average longer free-running period of complex rhythmic flies; c
2 indicates the signif-
icance of c2 statistical comparison of the proportions for the given genotype with that of tim > t-mO-MrVIA flies expressing a tethered conotoxin that has no
activity in flies (***p < 0.001; NS, not significant). Average Lomb-Scargle periodogram powers are given in parentheses following each free-running period
component.
(B) Representative free-running locomotor actograms of individual flies with the indicated phenotypes and genotypes. Gray bars indicate subjective day;
black bars indicate subjective night.PDF functions solely to communicate circadian phase infor-
mation from the PDF-secreting LNVs to PDFR-expressing
clock neurons or whether PDF signals can also gate the ability
of PDFR-expressing clock neurons to drive locomotor
rhythms, we expressed t-PDF-ML in all circadian clock
neurons of pdf01 null mutant flies. As expected, negative
control pdf01 flies expressing inert t-mO-MrVIA exhibited
severe deficits in free-running locomotor rhythms, withw50%
arrhythmicity in DD (Figure 4). In contrast, pdf01 flies express-
ing t-PDF-ML in all clock neurons from any of three indepen-
dent chromosomal insertions exhibited little arrhythmicity in
DD, with onlyw10% of flies arrhythmic, and most were instead
complex rhythmic (Figure 4A). Comparing the averaged acto-
grams of the negative control and t-PDF-ML-expressing fliesshows clear induction of strong free-running rhythmicity in
DD, particularly apparent in the first week following transfer
from entraining LD conditions to DD, before individual flies
had the opportunity to drift substantially out of phase with
one another (Figure 4B).
Although PDFR activation induces strong rhythms in pdf 01
null mutant flies, these rhythms are abnormal complex
rhythms. This indicates that normal free-running rhythmicity
requires not only PDFR activation per se but temporally regu-
lated PDFR activation driven by rhythmic PDF secretion by the
LNVs. It also suggests not only that the circadian deficits of
pdf01 flies are a result of the absence of PDF-mediated transfer
of phase information per se from PDF-secreting LNVs to PDFR-
expressing neurons but that PDF signals also gate the ability of
Cellular Dissection of Circadian Peptide Signals
1171Figure 4. t-PDF Expression in All Clock Neurons Suppresses Free-Running Arrhythmicity Induced by pdf01 Null Mutation
Male pdf01 null mutant flies bearing UAS-t-peptide transgenes were mated to female pdf01 null mutant flies bearing a tim(UAS)-GAL4 transgene to produce
pdf01 null mutant flies expressing t-peptide in all clock neurons.
(A) Negative control pdf01 null mutant flies expressing the inert t-mO-MrVIA conotoxin exhibit w50% arrhythmicity, with the rhythmic flies exhibiting very
weak rhythms, consistent with numerous published reports (see text). In contrast, few pdf01 flies constitutively expressing t-PDF-ML in all clock neurons
are arrhythmic, instead predominantly exhibiting complex rhythms (***p < 0.001, c2 test comparing each t-PDF-ML-expressing genotype to the t-mO-
MrVIA-expressing control).
(B) Averaged free-running DD actograms of all flies tested of the indicated genotypes. The induction of strong rhythmicity in pdf01 null mutant flies by t-PDF-
ML expression in all clock neurons is particularly apparent over the first week in DD, before individual flies have had the opportunity to drift out of phase with
one another, thereby dispersing the population activity pattern depicted in the averaged actogram.non-LNV PDFR-expressing clock neurons to drive locomotor
rhythms themselves.
Cellular Dissection of PDFR Function via t-PDF Expression
in Subsets of Clock Neurons
In order to dissect functional roles of PDFR activation in distinct
subsets of clock neurons, we expressed t-PDF-ML with various
GAL4 drivers and a pdf-GAL80 repressor transgene, which
prevents GAL4 from activating transcription ofUAS transgenes
in the PDF-expressing LNVs [7]. When expressed solely in the
PDF-expressing LNVs of pdf
WT flies with a pdf-GAL4 driver
[6], t-PDF-ML induced a modest but statistically significant
degree of free-running arrhythmicity (Table S1). When t-PDF-
ML was expressed in the LNVs of pdf
01 flies, free-running
rhythms were unaffected (Table S1). We then performed
the converse experiment, expressing t-PDF-ML in all clock
neurons other than the PDF-expressing LNVs, by generating
flies simultaneously possessing tim(UAS)-GAL4, pdf-GAL80,
and UAS-t-PDF transgenes (Figure 5). Flies expressing t-PDF
solely in non-LNV clock neurons exhibited complex free-
running locomotor rhythms similar to those induced by t-PDF
expression in all clock neurons (Figure 3). These results
suggest that PDFR in dorsal LND and DN clock neurons is
more functionally important for circadian rhythms than in the
PDF-secreting LNVs themselves.
We also expressed t-PDF-ML in distinct partially overlapping
subsets of clock neurons (and some nonclock neurons and
glia) with cry16-GAL4 and cry24-GAL4 drivers, which are two
independent chromosomal insertions of the same transgene
based on the Cryptochrome promoter [28]. Using nuclear
GFP as a marker for driver expression and costaining for
various marker antigens, we analyzed the expression patterns
of the cry16-GAL4 and cry24-GAL4 drivers (Figures S4–S7).
These drivers are both active in all PDF-expressing LNVs, allLNDs, two or three large DN3s, both DN2s, both anterior
DN1s, and ring neurons of the central complex. The cry16-
GAL4 driver is active in many glia, whereas cry24-GAL4 is
not. The two drivers have different expression patterns in
the posterior DN1s, with cry24-GAL4 almost always active in
four or five cells of this group, whereas cry16-GAL4 is
expressed more variably, in from two to six cells. When
expressed with the cry24-GAL4 driver, t-PDF-ML induced
complex free-running locomotor rhythms with a short period
of 22–23 hr and a long period of 25–26 hr (Figure 6). This was
very similar to the effect of t-PDF-ML expression in all clock
neurons with the tim(UAS)-GAL4 promoter (Figure 3). In
contrast, when expressed with the cry16-GAL4 driver, t-PDF-
ML expression induced only a modest degree of complex
rhythmicity—even less when expressed at higher levels from
two independent UAS transgenes simultaneously—and rather
induced dramatic period shortening of 3–4 hr (Figure 6). Note
that the longer than normal period of the negative control
t-PDF-SCR- and t-mO-MrVIA-expressing flies was due for
unknown reasons to the cry-GAL4 transgenes themselves, as
has been reported previously [28]. This difference in the effect
of t-PDF expression driven by cry16-GAL4 and cry24-GAL4
suggests that PDFR activation in some clock neurons acceler-
ates circadian oscillation, whereas in other clock neurons it
decelerates circadian oscillation.
Discussion
Although there is substantial evidence that PDF signaling in the
circadian control circuit is important for the intercellular
communication of phase information, the specific functional
role (or roles) of PDFR activation in particular subsets of
PDFR-expressing clock neurons remains unknown. To
address this important question, we activated PDFR in
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Figure 5. t-PDF Expression in All Clock Neurons Except for the PDF-Secreting LNV Subset Induces Complex Locomotor Rhythms
Male flies bearing UAS-t-peptide transgenes were mated to female flies bearing both tim(UAS)-GAL4 and pdf-GAL80 (which suppresses GAL4 activation
of UAS transgene expression in the PDF-secreting LNVs) transgenes to produce progeny expressing t-peptide in all circadian clock neurons except the
PDF-secreting LNVs.
(A) Proportions of locomotor phenotypes are different between each t-PDF-expressing genotype and the t-mO-MrVIA-expressing control (***p < 0.001,
c2 test).
(B) Averaged actograms of flies of the indicated genotypes.different subsets of circadian clock neurons inpdfWTandpdf 01
null mutant flies. When expressed solely in the LNVs them-
selves, t-PDF had only modest effects on rhythmic behavior
(Table S1). This suggests that—although the sLNV subset of
LNVs expresses functional PDFR capable of inducing cAMP
increases upon activation [20]—PDF signaling to the LNVs
themselves does not strongly influence circadian rhythm
generation. In contrast, t-PDF expression solely in the non-
LNV dorsal LND and DN clock neurons induced complex
rhythms (Figure 5) very similar to those induced by t-PDF
expression in all clock neurons (Figure 3). This indicates an
important role for PDFR activation in dorsal clock neurons for
rhythm generation.
When t-PDF was expressed in all circadian clock neurons of
pdf01 null mutant flies, there was strong suppression of the
substantial free-running arrhythmicity induced by the absence
of LNV PDF secretion (Figure 4). After about one week in DD, the
induced rhythms manifested themselves as complex rhythms
(Figure 4B). This indicates that cell-autonomous PDFR activa-
tion in the circadian control circuit can substitute for native
intercellular PDF signals in permitting strong free-running
rhythmicity in DD and suggests an important role for PDF
signaling in addition to intercellular communication of clock
phase per se in rhythm generation in the normal situation. There
are a few other manipulations of the Drosophila circadian
control circuit that have resulted in induction of rhythmicity in
pdf01 null mutant flies. In DD, electrical hyperexcitation of the
LNVs themselves induces partial suppression of arrhythmicity
in pdf01 flies [29]. In LL conditions, where wild-type flies are
arrhythmic, certain genetic manipulations allow dorsal clock
neurons to drive locomotor rhythms even in pdf01 null mutant
flies, suggesting that dorsal neurons can function as PDF-inde-
pendent pacemakers under some conditions [8, 9], although in
another genetic context, dorsal neurons appear to require LNV
PDF secretion to drive rhythms [10].
These results have been interpreted as suggesting that
darkness suppresses the ability of dorsal E clock neurons todrive locomotor rhythms whereas light activates it, and vice
versa for the LNV M cells, with light suppressing their ability
to drive locomotor rhythms and darkness activating it [8–10].
This makes sense given earlier findings that LNVs appear to
generate the morning anticipatory peak whereas dorsal
neurons do the same for the evening peak [5, 7, 26]. Our results
thus suggest that PDFR activation permits dorsal neurons to
drive strong rhythms in DD—in the absence of light—with or
without LNV PDF secretion. This supports the hypothesis
that in normal flies in LD, PDFR activation in the morning
(when PDF secretion is likely the greatest [30, 31]) provides
a gating signal that allows the dorsal neurons to generate the
evening peak. Thus, rhythmic PDF secretion by the LNV M cells
not only determines the phase of morning anticipation [16]
and likely provides a daily phase-resetting signal to dorsal
E cells [11] but also provides a timed gating signal to PDFR-
expressing dorsal E cells allowing them to ‘‘take the reins’’
and generate the evening anticipatory locomotor peak. pdf 01
null mutant flies still generate a phase-advanced evening
peak in LD [6], thus indicating that light and PDFR activation
are parallel gating signals each capable of allowing dorsal
clock neurons to drive rhythmicity. This makes sense in light
of the observations that LNV M cells set the phase of the
evening peak in short photoperiods [10] and that light can
permit dorsal clock neurons to drive robust free-running
rhythms in either the presence or the absence of PDF [8–10,
32]. It also explains why the evening peak still occurs robustly
in DD, in the absence of light (see, e.g., [11]).
To further dissect the responses of particular subsets of
dorsal clock neurons to PDFR activation, we expressed t-PDF
in partially overlapping expression patterns with the cry16-
GAL4 and cry24-GAL4 drivers. The effects of t-PDF expression
with these two drivers were dramatically different. In the case of
cry16-GAL4, t-PDF expression induced only a modest degree
of complex rhythmicity—almost none when expressed at
higher levels with multiple UAS transgenes—and rather
induced strong period shortening of 3–4 hr (Figure 6). In
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Rhythmicity
Male flies bearing UAS-t-peptide transgenes were mated to female flies bearing cry24-GAL4 or cry16-GAL4 transgenes, which drive expression in distinct
partially overlapping subsets of clock neurons.
(A) t-PDF-ML expressed with the cry24-GAL4 driver induces complex free-running locomotor rhythms similar to those induced with the tim(UAS)-GAL4
driver (Figure 3). In contrast, t-PDF-ML expression with the cry16-GAL4 driver induces only a modest degree of complex rhythmicity, and almost none
when expressed at a higher dose simultaneously from two independent UAS-t-PDF-ML chromosomal insertions. Rather, driving t-PDF-ML expression
via cry16-GAL4 induces dramatic shortening of the free-running period, fromw25.5 hr in negative control flies expressing either t-PDF-SCR or t-mO-MrVIA
(long-period phenotypes resulting from the cry16-GAL4 and cry24-GAL4 transgenes themselves have been previously reported; see text) tow22 hr in flies
expressing t-PDF-ML (overall analysis of variance p < 0.001; p < 0.05 for paired comparisons to appropriate pooled controls via the Bonferroni versus control
test). ***p < 0.001, **p < 0.005, c2 test comparing each t-PDF-ML-expressing genotype to the appropriate pooled controls.
(B) Averaged actograms of flies of the indicated genotypes demonstrate the induction of complex rhythmicity by t-PDF-ML expressed with cry24-GAL4 and
short-period rhythmicity with cry16-GAL4.contrast, t-PDF expression with cry24-GAL4 led to complex
rhythms (Figure 6) very similar to those induced by t-PDF
expression in all clock neurons or solely in dorsal clock neurons
(Figure 3; Figure 5). This difference in the effect of t-PDF expres-
sion driven by cry16-GAL4 versus cry24-GAL4 suggests that
PDFR activation in some population of neurons that are
commonly expressed in the two drivers accelerates circadian
oscillation, whereas in some population of neurons that areexpressed only in cry24-GAL4 it decelerates circadian oscilla-
tion. We favor the interpretation that PDFR activation in dorsal
neurons—LNDs and/or DNs—that are commonly expressed
between cry16-GAL4 and cry24-GAL4 accelerates cellular
oscillation, whereas in a subset of posterior DN1s that are
expressed only incry24-GAL4 it decelerates cellular oscillation.
This is consistent with the recent observation that increased
PDF secretion decelerates Cry-positive LNDs and a subset of
Current Biology Vol 19 No 14
1174DNs and accelerates Cry-negative LNDs and a complementary
subset of DNs [33, 34].
Conclusions
Our studies demonstrate the utility of the t-peptide technology
for dissecting the cellular basis of neuropeptide signaling
within a behavioral control circuit and raise the possibility
that it will provide a generally applicable approach for cellular
dissection of peptide signaling in a variety of neural circuits,
nonneural tissues, and organisms. In regard to the latter, we
have determined that t-peptide versions of various mammalian
neuropeptides activate their GPCRs when coexpressed in
mammalian tissue culture cells [35]. In the context of the
Drosophilacircadian control circuit, we have used the t-peptide
system to provide support for the hypothesis that rhythmic PDF
secretion by the LNVs not only determines the phase of morning
anticipation and provides a daily resetting signal to dorsal
E cells but also provides a gating signal to PDFR-expressing
dorsal clock neurons sufficient to allow them to ‘‘take the reins’’
and drive rhythmic locomotor activity. Our studies also impli-
cate the question of the identity of the molecular mechanisms
whereby PDFR activation and consequent cAMP increases
can accelerate circadian timekeeping in some clock neurons
while decelerating it in others. Future studies are required to
determine (1) the cellular events induced by PDFR activation
that allow dorsal neurons to drive locomotor rhythms, (2) the
specific identities of the accelerated and decelerated dorsal
neurons, and (3) the molecular mechanisms that underlie their
differential responses to PDFR activation.
Experimental Procedures
t-Peptide cDNAs
All t-peptide cDNAs were chemically synthesized with optimal Drosophila
codon usage and with an optimal Drosophila Kozak translation initiation
site upstream of the start methionine (CAAA). Encoded t-peptides are as
follows: t-PDF-ML, MSALLILALVGAAVANSELINSLLSLPKNMNDAGNEQKL
ISEEDLGNGAGFATPVTLALVPALLATFWSLL; t-PDF-LL, MSALLILALVGAA
VANSELINSLLSLPKNMNDAGNGNGNGNGEQKLISEEDLGNGNGNGNGNG
NGNGDGNGGALCGAGFATPVTLALVPALLATFWSLL; t-PDF-SEC, MSALLI
LALVGAAVANSELINSLLSLPKNMNDAGNEQKLISEEDLGN; t-PDF-SCR, MS
ALLILALVGAAVANLKNSISLEDLPLAMSNNGNEQKLISEEDLGNGAGFATPV
TLALVPALLATFWSLL; t-DH31-ML, MSALLILALVGAAVATVDFGLARGYSGT
QEAKHRMGLAAANFAGGPGNEQKLISEEDLGNGAGFATPVTLALVPALLATF
WSLL. For transfection into cultured HEK293 cells, these cDNAs were cloned
into the pCDNA3.1(+) expression vector; for generation of transgenic
Drosophila, they were cloned into pUAST [25].
Tissue Culture Experiments
Cell culture media, fetal bovine serum, and Lipofectamine transfection
reagent were obtained from Invitrogen. Peroxidase-conjugated rabbit poly-
clonal antibody directed against the c-Myc epitope and BM blue (3.30-5,
50-tetramethylbenzidine), a peroxidase substrate, were purchased from
Abcam (catalog number ab19312) and Roche Applied Science, respectively.
DrosophilaPDF andDH31 receptor cDNAs wereas described previously [17].
Cell Culture
HEK293 cells were grown in Dulbecco’s modified Eagle’s medium (Invitro-
gen, catalog number 12100-038) supplemented with 10% fetal bovine
serum, 100 U/ml penicillin G, and 100 mg/ml streptomycin. The cells were
maintained at 37C in a humidified environment containing 5% CO2.
Luciferase Reporter Gene Assay
Receptor-mediated signaling was assessed via a luciferase assay as
described previously [36]. In brief, HEK293 cells were plated in 96-well white
clear-bottom plates (Corning Costar) at a density of 1500 cells per well and
grown for 2 days (w80% confluency). Cells were then transiently trans-
fected with (1) either pcDNA1 (empty vector) or a cDNA encoding the
wild-type receptor (PDFR, DH31R, or DH44R), (2) increasing amounts of
a cDNA encoding the tethered ligand, and (3) a reporter gene construct
consisting of six tandem repeats of the cAMP-response element (CRE63)ligated upstream of a reporter gene encoding firefly luciferase [36]. Forty-
eight hours following transfection, cells were lysed with Luclite reagent (Per-
kinElmer), and luciferase activity was quantified with a TopCount microplate
luminescence counter (PerkinElmer).
Evaluation of Receptor Expression via ELISA
The expression levels of the tethered PDF constructs were measured via
a procedure described previously [37]. In brief, HEK293 cells grown in
96-well plates were transiently transfected with either pcDNA1 or a cDNA
encoding the tethered PDF constructs. Forty-eight hours posttransfection,
cells were washed once with phosphate-buffered saline (PBS) (pH 7.4) and
fixed with 4% paraformaldehyde in PBS for 10 min at room temperature.
After washing with 100 mM glycine in PBS, the cells were incubated for
30 min in blocking solution (PBS containing 20% bovine serum). A horse-
radish peroxidase (HRP)-conjugated polyclonal antibody directed against
the c-Myc epitope (1:1500 dilution in blocking solution) was then added to
the cells. After 1 hr, the cells were washed five times with PBS, and BM
blue solution (50 ml per well) was added and incubated for 30 min at room
temperature. Conversion of this substrate by antibody-linked HRP was
terminated by adding 2.0 M sulfuric acid (50 ml per well). Converted
substrate (indicating the amount of bound antibody) was assessed by
measuring light absorbance at 450 nm with a SpectraMax microplate reader
(Molecular Devices).
Fly Strains and Crosses
All crosses and behavioral experiments were performed at 25C. Multiple
independent chromosomal insertions of UAS-t-peptide transgenes were
obtained via standard embryo injection techniques, and some were recom-
bined via classical genetic methods to generate chromosomes bearing two
independent insertions. Driver or suppressor lines have all been described
previously: pdf-GAL4 [6], tim(UAS)-GAL4 [38], pdf-GAL80 [7], cry16-GAL4
and cry24-GAL4 [28], Mz1366-GAL4 and Mz1525-GAL4 [15], repo-GAL4
[39] (see also Table S1).
Behavioral Assays
Free-running and entrained rhythms of locomotor activity of individual flies
were assayed with an automated TriKinetics infrared beam-crossing
monitor system, and data were analyzed with double-plotted actograms,
Lomb-Scargle periodograms, and normalized averaged activity histograms,
all as described previously [26]. Male flies were placed in locomotor activity
monitor tubes 2–5 days after eclosion, maintained in entraining 12 hr:12 hr
LD conditions forw5 days, and then released into DD conditions for assay
of free-running behavior.
Statistics
Proportions of rhythmic, arrhythmic, and complex rhythmic flies were
compared between genotypes via c2 test. Average free-running periods
were compared between genotypes via analysis of variance and the Bonfer-
roni versus control test for controlling experiment-wide p for multiple
comparisons.
Supplemental Data
Supplemental Data include sevenfiguresand one tableand can be found with
this article online at http://www.cell.com/current-biology/supplemental/
S0960-9822(09)01305-0.
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